Abstract This is an updated and extended presentation of the results of the IAHS Workshop on Quality Assurance in Hydrologie Measurement, held during the XXI General Assembly of the International Union of Geodesy and Geophysics (IUGG), Boulder, Colorado, USA, in July 1995. The main focus at Boulder was on experience with hydrological applications of the international standard ISO 9002 and developments in rating curve theory. A case study of a quality assurance system is presented. Progress in hydrometric quality assurance since the workshop and areas for future development are discussed.
INTRODUCTION
Quality assurance (QA) approaches utilized in manufacturing, specifically ISO 9002 of the International Standards Organization, can be successfully applied to observation, data processing, archiving and dissemination of environmental information. Major elements of a hydrometric QA system include: setting realistic quality objectives based on user needs and site conditions (e.g. discharge estimates within 8% for 95% of the time for a gravel bed river); utilizing suitable and verifiable field and laboratory procedures; quantifying error propagation; and applying data management software that incorporates measures of QA with a full audit trail of raw data, corrections, shifts, rating curve use and other manipulations. This paper draws from the International Association of Hydrological Sciences (IAHS) Workshop HW4 Quality Assurance in Hydrologie Measurement, held during the International Union of Geodesy and Geophysics (IUGG) XXI General Assembly in Boulder, Colorado, USA in My 1995. Sessions at Boulder included a review of experience with environmental applications of ISO 9002, developments in rating curve theory and operational practice, and applications in water quality programmes. A major gap identified in the workshop was the lack of application of the QA concept of "fitness for purpose" in hydrometeorological network design.
Presentations on Australian, New Zealand and United Kingdom experience showed that application of ISO 9002 quality system concepts, in conjunction with appropriate data management software, resulted in increased data quality and significant cost reductions.
Following a review of the Boulder findings, one instructive case study based on the workshop presentation by McMillan is presented. The paper concludes with a discussion of progress in QA in hydrology since 1995, outstanding issues and areas for future development.
REVIEW OF 1995 BOULDER WORKSHOP

QA in hydrometry and fitness for purpose
Nine of the ten papers presented at the Workshop on Quality Assurance in Hydrologie Measurement at Boulder, Colorado in 1995 focused on streamflow. The tenth paper covered QA of water quality data.
Hudson's lead paper 1^ presented an overview of QA in hydrology and emphasized the need for hydrometric services and networks to focus on capturing data that were fit for their intended purpose. It is increasingly the case that consumers expect a quality product from suppliers. One definition of quality is "fitness for purpose". The principle applies to hydrological data, just as to any other product. International standard ISO 9002, the "quality system for quality assurance in production, installation and servicing", is appropriate as a standard for QA of hydrological data services. In times of reduced funding for hydrometric activities, it is important that network managers communicate effectively with data users and network stakeholders, to ensure that data being collected are in fact required, to know what the data are being used for, and to consider how the data would meet quality requirements for these purposes. It was clear in 1995 that many hydrometric networks around the world were not meeting these requirements and that part of the problem related to hydrometric technicalities such as conversion of water levels to streamflow records by stage-discharge rating curves.
McMillan presented an established QA system for hydrometric data acquisition and database procedures for an Australian network. The approach, developed in earlier work by Mosley & McKerchar (1989) for a New Zealand hydrometric network, focused on ensuring that hydrometric monitoring procedures could produce streamflow data and information of predetermined quality that would be fit for scientific use. The system included audit by third-party registration authority. The QA system used a series of ISO standards compiled into ISO Standards Handbook 16 (ISO, 1983) for measurement of flow in open channels. Other relevant standards and procedures were used for archiving and information dissemination activities. To maintain consistent * McMillan, D. A. (1995) Quality assurance systems to ISO 9002 standards for measuring, archiving and supplying hydrological information. f Hudson, H. R. (1995a) Quality assurance in hydrological measurement: an introduction.
operation of the quality system, a management system using some Total Quality Management principles (Deming, 1986 ) was introduced progressively. The management system assisted in ensuring that opportunities for quality improvement were identified and implemented, to provide long-term benefits to the hydrological monitoring operations. The ISO 9002 standard defined all quality system requirements, ranging from management responsibilities through contract review to the statistical techniques used to verify that production processes were functioning to standard. In this case it was successfully applied for instrument maintenance and calibration, hydrological field measurements, data processing, archiving and dissemination of information. Major benefits were an increase in data quality, reduced operation costs (e.g. by reducing the cost of rework), and maintenance of quality improvement. McMillan's presentation is amplified as a case study in the following section to show the process and decisions required in implementing a QA system.
Adams & Walker + presented experiences in implementing a QA system for a region in the United Kingdom, based on McMillan's approach. The purpose of the hydrometric network was to provide hydrometric information for water resource management and flood protection. The QA system was applied to data collection practices. Historically, the data had not been of a consistent, auditable quality. The response to customer need for confidence in data, was the introduction of a management system, using the ISO 9002 framework, to produce data of consistent quality. Three distinct phases were identified: defining standards and management of field data collection; development of a management system for the data archive; and examination and validation of the historic data set. Management concepts, philosophies, and processes and skills employed to design and implement the hydrometric quality management system were described. A discussion point was public vs private funding of hydrometric monitoring. Thomsen § described a QA system used in Denmark for hydrometric monitoring, based on hydrological software (HYMER). The QA system featured automatic data collection systems, which provide the opportunity to operate intelligent logger systems. Recursive algorithms for each measured parameter provide dynamic quality control of collected data. Ice and aquatic weeds can be accounted for in stagedischarge rating curve relationships using HYMER.
Kabilious et al. presented QA and quality control (QC) issues associated with the compilation, management and analysis of a large groundwater quality database in the United States of America. The issues included: data collection over a long time span (over 70 years) during which sampling methodology and analytical procedures had evolved significantly; insufficient documentation of data collection in source documents; multiple and sometimes conflicting measurements; duplicate entries of data resulting from using secondary compilations as data sources. A number of QA/QC procedures were implemented. Check-printing was completed for all data entries and sufficient documentation of procedures were recorded to ensure reproducibility. Original values and units, as they were reported in the sources, were listed and converted to common units. A quality rating was assigned to each datum, and duplicate entries were identified and deleted from the database, leading to a quality database ready for analysis. During the data analysis phase, new QA/QC issues were encountered, such as quality requirements, error analysis, and error propagation, highlighting the recursive nature of QA systems.
Stage-discharge rating curves and streamflow estimation
Consistency and rigour in stage-discharge curve fitting, and the quantification of the accuracy of streamflow estimates, are fundamental to good hydrometric practice, and are increasingly important in litigation and dispute resolution regarding flow apportionment and instream water uses. Establishing and maintaining stage-discharge rating curves is one of the key issues in assessing the quality of streamflow time series. Four presentations focused on stage-discharge rating curves and streamflow estimation.
Chester^ considered advances in evaluation and fitting of stage-discharge curves. The impacts of uncertainty in basic hydrometric data, on the confidence in ultimate decisions, have generally been unrecognized or unquantified. The uncertainty of a hydrometric stage-discharge relationship becomes crucial in the prudent management of hydrological risk in water resources planning. The measurement of the quality of hydrometric data also indicates whether data are suitable for a proposed use, to compare data from different sources, and to guide the best deployment of resources in collecting data. Chester advocated that measurement of quality is by analysis of variance techniques to combine and then remove variation in stage and discharge measurements, and then to estimate the remaining "instability" variation which is combined with the internal uncertainties of the curve to provide confidence bands for the relationship. These confidence bands can then be used directly with the flow duration information to give key indicators of the performance of the hydrometric process. The bands reflect the underlying measurement and physical processes and are independent of any graphical transformation. The knowledge of variation is also used to create control bands and charts to assist in operating the hydrometric process. The knowledge can also be used to correctly "weight" individual observations for curve fitting. The fitting is enhanced when curves and observations are transformed to functions based on the control crosssection. The statistical procedures are derived from the original quality control works and ethos of Shewart (1931 Shewart ( , 1939 and Deming (1986) to quantify, evaluate and manage the impact of variation and to fit curves.
Chester^ discussed the development of the HYRATED software between HYDSYS (Heweston tt ) and the Water Authority of Western Australia. HYDSYS (HYDRON) utilizes graphical computer technology to implement the statistical principles of quality management and provides a medium for bringing well-founded statistical procedures towards routine application in environmental data management.
Heweston" presented the technical details of HYRATED, which allows exploration of factors central to stage-discharge relationships, such as multiple hydraulic controls, bed changes, seasonal effects, rate of rise, instrumentation, and Residual error bands are calculated along the curves. The software allows the user to develop objective and defensible stage-discharge relationships based on stream hydraulics and ISO error analysis. Error analysis is carried through streamflow calculations and is available in the hydrological outputs.
To facilitate the application of statistical and hydraulic analysis techniques in operational hydrology a large number of "rules" must be applied. Hudson § § (1995b) presented an experimental decision support system based on HYRATED. The system, developed for Environment Canada by the University of Manitoba Facility for Intelligent Decision Support (DeGagne et al., 1996) , evaluates shifts in stream gaugings based on changing hydraulic conditions (e.g. ice and weeds) and/or changing channel form (e.g. bed scour, meander cut-offs). The system considerably reduces the time required and the subjectivity of manual hand drawn curves. Significant advantages are seen in the ability to rigorously and precisely fit curves and develop stage-discharge relationships, and quantify confidence limits in the use of these curves, based on current conditions and patterns of past events for stable and unstable channels. It provides a framework to capture the expertise of hydrographers in rating curve development and application and to employ the technology for training and for operational application. The ultimate objective is to apply rating curves automatically, based on changing streamflow conditions. Operational application of such a system requires more rigorous hydrometeorological observation (Hudson, 1994 ) and needs to be within a full QA system (e.g. McMillan*) to ensure efficiencies in hydrometric monitoring can be attained.
Hofius considered the difficulties of streamflow measurement and estimation on the basis of case studies of the whole Rhine River basin which cover parts of Austria, Switzerland, France, Germany, Luxembourg and The Netherlands. In particular, the situations between the countries sharing the basin were discussed. Extensive river training has led to instability of the river bed, complicating stage-discharge relationships. Systematic differences in national discharge measurement procedures were presented, highlighting the need for international QA hydrometric systems. The International Commission for the Hydrology of the Rhine basin has implemented supervision of the discharge measurement and estimation in border areas, including inter-calibration of current meters. Calibration results and sources of measurement inaccuracy were presented.
QA tools
The stage-discharge tools presented by Chester 1^, Heweston" and Hudson' § § are particular to hydrology and belong to the recent thrust for hydrological QA systems. More traditional QA tools are "cusums", time series plots of cumulative departures from the mean. Hydrologists are familiar with these concepts through the vast literature on range analysis and the Hurst phenomenon, originating in reservoir design. In the final ' Hudson, H. R. (1995b) Quality assurance in streamflow estimates utilizing an expert system for rating curves.
Hofius, K. (1995) Quality assurance of discharge measurements in the Rhine River basin.
Boulder paper, McKerchar & Pearson'' 1 presented use of cusums for checking and comparing the consistency of the longest rainfall and discharge series in New Zealand. Patches of inconsistencies lasting many years were identified in rainfall and streamflow records. Fuller details, including correction of erroneous flow records, are provided in McKerchar & Pearson (1997) .
Summary of workshop
The Boulder workshop was valuable in bringing together those with experience in QA developments in hydrology, and for focusing on issues requiring attention and future needs. Despite a handful of successful QA examples presented, a major gap was identified at the workshop: the almost universal lack of application of the QA concept of "fitness for purpose" in the design and operation of hydrometeorological networks and services. It has become increasingly obvious that hydrological measurement will need to meet stringent requirements for environmental management systems to meet the ISO 14001 standard (ISO, 1997).
CASE STUDY-ECOWISE, AUSTRALIA (McMillan*)
Consumers are increasingly expecting a quality product (i.e. value for money) and, to achieve this requirement, suppliers are implementing QA management systems to meet customers' needs and expectations. One definition of quality is "fitness for purpose or intended purpose". Confident and economical design of water resources projects needs flow data of assured quality. McMillan* developed and implemented a QA system for the services provided by ECOWISE Hydrology and Environmental Service, the hydrological monitoring unit of the Australian Capital Territory Electricity and Water Corporation (ACTEW), whose principal product is hydrological information. It was based on a model first implemented in New Zealand in 1992 (Mosley & McMillan, 1994) to identify ISO codes of practice.
International standards
The International Standards Organization (ISO) 9000 series of standards presents guidelines and models for QA management systems. It is not the purpose of this series to standardize quality systems implemented by organizations, but to present generic models to develop a quality system. Quality systems developed to three of the standards in the series can be recognized formally by independent third-party audit, and be registered by national or internationally recognized accrediting agencies.
Although ISO 9002 was formulated initially for the manufacturing industry, it was revised in 1994 for application within service organizations. International standard ISO 9002 of 1994, "Quality system model for quality assurance in production, installation and servicing", was selected by ECOWISE as the appropriate model to use to meet its internal operating needs and its clients' expectations for appropriately assured flow information. This quality management system could be applied to all ECOWISE procedures for instrument maintenance and calibration, hydrological field measurements, data processing and computer archiving, and their dissemination of information.
The major objectives of the ISO 9002 standard are: (a) to provide the client with assurance that a quality service will be supplied; and (b) to give the supplier guidelines to develop an appropriate quality management system to enable the supply of a quality service. The ISO 9002 model defines all quality system requirements ranging from "best practices" for management responsibility to documentation of operating procedures, field measurement process control, and statistical techniques to verify that production processes are functioning to the identified result standards.
The ECOWISE system also uses the series of ISO standards compiled into ISO Standards Handbook 16 (ISO, 1983) to define standards for hydrological data acquisition and the preparation of stage-discharge rating curves. Other relevant international standards, guidelines and procedures are used for data collection, analysis, computer archiving and client information dissemination.
Identification of needs
Collection of hydrological data usually represents a very small fraction of the total cost of a water resource development project. Without full confidence in the quality of field measurements and their interpretation into usable flow information, design engineers, project managers and scientists may be unduly conservative in their decisions. This can prove to be costly.
The needs, both internal and external, of ECOWISE clients were investigated for hydrological data acquisition requirements and uses. Draft standards were prepared using ISO standard practices in the measurement of open channel flows (ISO, 1983) as a guide, and circulated for review and comment. The ISO standards, and those promulgated by the World Meteorological Organization, do not necessarily provide specific standards for the product (hydrological information), so ECOWISE standards were determined to deal with both procedures and product attributes, following review of the draft standards circulated for comment. Documentation of all collection and processing operations was developed to ensure standards are continually maintained, beginning with equipment used and staff training, and including field measurement procedures, data processing techniques, and final computer archiving. Staff involvement during this development assures "ownership" and acceptance of the quality system. All ECOWISE staff were involved in the preparation and implementation of the various aspects of the system.
A management system was introduced to monitor progress, ensure allocation of resources, and measure progress against specific milestones. The development of the management system resulted in the following programmes and features: -a well-developed staff training programme; -the use of statistical tools and plots to compare performance against standards; -a team approach to daily operations and problem solving; -a continuous improvement programme.
These four outcomes (i.e. features) were very similar to some of the Total Quality Management principles (Deming, 1986) , which assist in ensuring that the opportunities for quality improvement are identified and implemented. Long-term benefits to hydrological monitoring operations were achieved by regular management review, document and process control, inspection and testing, quality control, contract review, internal audits and human resource development outcomes of the quality system.
Documentation
The foundation of a quality management system is its documentation.
The ISO 9002 standard is not easily interpreted in a non-manufacturing environment. A critical first step was to develop understanding amongst all staff of the nineteen management requirements (sections) of ISO 9002. An ECOWISE Quality Manual was developed using the standard as the model, thereby ensuring that all the QA requirements were included in the quality system.
The quality system provides the client with the evidence (assurance) that defined standards are being achieved. Of course, the quality system may also provide evidence that the standards are not being achieved (the programme has also been successful if it does this). Documentation is essentially of three types: -the Quality Manual, which interprets ECOWISE operations to comply with the ISO Standard model; -the procedure manuals, instruction sheets, and forms which describe how the quality system works; and -the completed records and reports which document work flows and product history, to confirm that procedures have been correctly followed and standards maintained. Reporting systems were developed to document records of work flows and product history. Each report is an important link in the annual cycle of the quality system, ranging from providing equipment fault analysis to the annual audit of the quality system itself. These reports supply managers with up-to-date information to assist in effective management of ECOWISE. The reports also ensure that field staff continue to use the quality system to identify and rectify problems and they reinforce the personal commitment managers have towards quality improvement.
Quality system implementation
Developing a quality system and meeting the needs of all nineteen sections of the ISO 9002 standard ensures that "what you say you are providing, is what you do provide" and assists in preventing re-work of hydrological data collection. All nineteen sections of ISO 9002 were addressed, with some needing more attention than others, as follows:
Purchasing All purchased items, especially measuring devices and software, need to be fully assessed for quality and suitability to ensure quality is maintained. Purchasing from registered, or quality preferred suppliers, is essential with documented verification of their quality.
To illustrate the importance of purchasing the correct supplies: hydrological data are the major product supplied by ECOWISE, so, along with measuring equipment (much from internationally recognized suppliers), their computer archiving and analysis software comprise a major component for their operations and need to meet demanding standards. HYDSYS (Heweston tt ) software for processing and archiving time-series data was selected following a review of the available software, due to their own "in-house" quality systems identifying version history, presentation of traceable algorithms for data manipulation and analysis processes, and follow-up support procedures.
Process control Process control ensures that all the procedures with hydrological data are planned, documented, monitored, and that standards of performance are met through each measurement and processing stage. Overall data flow of hydrological data is relatively simple, and checks on standards were incorporated at strategic stages in the flow of information. The maintenance of data integrity from field measurement through to computer archiving is of paramount importance, to assure the client of data quality. Formal documentation covers all aspects of these control processes.
Control of non-conforming product ECOWISE had no formal procedure for identifying and isolating non-standard information or equipment from further use. Procedures were developed to ensure: -non-conforming equipment is identified and withdrawn from service; -non-conforming product/service identified by a client is recorded and rectified.
Corrective and preventative action A system was developed to ensure that all identified non-conformances requiring corrective action were recorded, to ensure preventative measures were taken to rectify the problems, and to eliminate recurrence.
Corrective actions identify shortcomings in: -equipment failures-requiring replacement or service; -data collection standards not being met-requiring staff training or work instruction review.
Training No quality system works without staff training in all aspects of hydrology, and this is the most essential component of a quality system. System review Reviews of the quality system by third-party registration agency auditors place a strong emphasis on documentary evidence that the system is followed by all staff, and that products are attaining the defined standards.
Benefits
The quality system has already brought major benefits to ECOWISE. Data quality has improved. Operating costs have been reduced, for example by reducing the cost of rework. A quality improvement focus is maintained throughout the organization.
ECOWISE has become more client orientated and focused on quality results, increasing demand for its services, because: -it is committed to quality, cost competitiveness and customer satisfaction; -it operates an effective quality system to International Standards; -it's QA system is re-assessed regularly by a national registration agency to ensure it remains effective; and -it has a continuous commitment to quality improvement.
CONCLUDING REMARKS
Internationally, progress in implementation of QA systems for hydrological measurement since 1995 has not been appreciable. The conclusions and recommendations from the Boulder Workshop remain valid but unfulfilled in many countries. The majority of hydrometric networks around the world are not using QA systems, nor concepts of "fitness for use" for network design and operations-Australia and New Zealand are notable exceptions. Specifically, it is clear that many hydrometric networks are still not addressing the problem of gross streamflow estimation errors derived from faulty stage-discharge rating curves. Rating curves need to be developed and maintained in an objective manner, with proper consideration of the underlying hydrological and physical processes, including hysteresis effects on rising and falling limbs of hydrographs.
Outstanding issues and areas for development of hydrological QA systems include: the integration of quality-assured hydrometric and environmental networks (regardless of whether they are operated by the same agency), collaboration amongst network operators (regardless of whether they are in the public or private domain, or in different countries), sustainable network design practices (e.g. Burn, 1997) , and documentation of network changes (e.g. Pearson, 1998) .
